Introduction
Gangliosides are a class of glycosphingolipids (glycolipids that contain at least one sialic acid), which form an integral part of cellular membranes. Gangliosides predominantly colocalize in microdomains in the outer leaflet of the plasma membrane (Hansson et al. 1977; Parton 1994; Simons and Ikonen 1997; Kasahara and Sanai 1999; Sorice et al. 1999) and, as such, play a role in the cell's interactions with its extracellular environment. As well as being critical to normal biological functions (Garofalo et al. 2003; Degroote et al. 2004; Todeschini and Hakomori 2008) , gangliosides participate in many diseaserelated processes, acting as targets for (or facilitating cell entry of) invading viral (influenza virus (Suzuki et al. 1992; Sato et al. 1996) , human immunodeficiency virus (Hug et al. 2000) , human rotavirus (Guo et al. 1999) ) and bacterial (Escheria coli, Vibrio cholerae, Clostridium tetani, Clostridium botulinum, Neisseria gonorrhoeae (Eidels et al. 1983; Degroote et al. 2004; Sharon 2006 )) pathogens and toxins. Additionally, gangliosides have been implicated in cancer metastasis (Hakomori 1984) and many autoimmune disorders including Guillain-Barré syndrome (Hughes and Cornblath 2005) , multiple sclerosis (Endo et al. 1984) , lupus erythematosus (Endo et al. 1984) , insulindependent (type 1) diabetes (Misasi et al. 1997 ), Hashimoto's thyroiditis, and Graves' disease (Ariga et al. 1991) .
To fully exploit ganglioside-protein interactions as potential targets for diagnostic, preventative, and therapeutic treatments, it is important to understand the fundamental properties that govern the relationship between presentation (relative to the membrane surface) and conformation-dependent recognition of gangliosides in their biological milieu.
In order to characterize the 3D structural and dynamic properties of gangliosides at high-resolution, several challenges must first be overcome. Firstly, gangliosides (part carbohydrate, part lipid) are plastic molecules that can populate several welldefined conformational states under physiological conditions. Secondly, ganglioside function is often intrinsically linked to localization in lipid membranes. Although the conformation of the carbohydrate head group of a ganglioside may be only weakly influenced by the membrane environment, the accessibility of its protein-binding epitopes is inherently dependent on head-group presentation relative to the membrane surface. Thus, to provide a structural basis for interpreting ganglioside recognition, the 3D structure should be determined in biologically relevant (lipid membrane) contexts.
To characterize the structure and presentation of gangliosides at atomic resolution, a method that can capture the dynamics of the flexible carbohydrate domain, in the membrane environment, is required. Here, we have employed all-atom molecular dynamics (MD) simulations in explicit water, to characterize the mammalian ganglioside, G M3 (α-Neu5Ac-(2-3)-β-Gal-(1-4)-β-Glc-ceramide, also known as 3 -sialyllactosylceramide (SLC-ceramide)), embedded in a dimyristoylphosphatidylcholine (DMPC) lipid bilayer. For comparative purposes, two simulations were performed: (1) G M3 in a DMPC bilayer and (2) SLC, the G M3 carbohydrate head group, free in solution. The simulations were validated through comparison with data from NMR experiments of SLC in Atomic-resolution conformational analysis solution, and of G M3 in membrane-mimicking environments, and by comparison with crystallographic data for relevant carbohydrate/ganglioside-protein complexes from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (PDB). For SLC, structurally relevant NMR data, such as, residual dipolar couplings (Kiddle and Homans 1998) , scalar J-couplings (Milton et al. 1998) , and nuclear Overhauser enhancements (NOEs) (Siebert et al. 1992 ) have been reported. For G M3 , reported experimental NMR data include residual dipolar couplings (measured in DMPC/CHAPSO bicelles) (Aubin et al. 1993) and NOEs (measured for G M3 in dodecylphosphocholine (DPC) micelles) (Siebert et al. 1992) .
Once obtained, the experimentally consistent conformational models of G M3 in a lipid bilayer were employed to explore the role of head-group presentation, conformation, and dynamics of the ganglioside in a membrane, on molecular recognition by known G M3 protein receptors.
Results
MD simulations of G M3 in a DMPC lipid bilayer and SLC were performed using explicit water for 30 ns each (Figure 1 ). For the membrane simulation, after the heating and equilibration stages (described in Materials and methods), the bilayer exhibited an area/DMPC molecule of 63.7Å 2 and a thickness (d l ) of 39.1 A. These values may be compared to the experimental values measured for lamellar lattices of DMPC in excess water at 300 K of 61.7Å 2 (area/DMPC) and 35.7Å (d l ), respectively (Rand and Parsegian 1989) . Over the course of the simulation, the overall bilayer thickness (d l ) and the hydrophobic thickness (d hc ) were monitored to assess the stability of the membrane (Figure 2 ). From 0 to 1 ns, the bilayer continued to equilibrate, as evidenced by a slight decrease in its overall thickness (Figure 2 ). The first ns of the simulation was therefore excluded from subsequent analysis of the G M3 and SLC simulations (the latter only for consistency). Over the period of 1-30 ns, the average thickness values for the DMPC bilayer were d l = 35.6 ± 0.5Å and d hc = 26.3 ± 0.4Å, which can be compared with their experimental counterparts d l = 35.7Å and d hc = 22.3Å (Rand and Parsegian 1989) , and with our previous simulation of a pure DMPC bilayer d l = 33.1 ± 0.5Å and d hc = 23.9 ± 0.2Å (Tessier et al. 2008) .
To assess the convergence of conformational sampling, glycosidic torsion angles were monitored for each simulation (Figure 3 ). The G M3 torsion angles populated the same conformational space as those of SLC, with the exception of a minor population for the Gal-Glc linkage in SLC ( Figure 3D ). For comparison, φ/ψ angles for all deposited PDB structures in the PDB that contained carbohydrates with α-Neu5Ac-(2-3)-β-Gal or β-Gal-(1-4)-β-Glc sequences are shown ( Figure 3E and F). For the Neu5Ac-Gal linkage, there were 52 dihedral pairs from 30 unique PDB crystal structures. For the Gal-Glc linkage, 244 dihedral angle pairs were extracted from 85 unique PDB entries. Of these entries, seven structures contained the ligand SLC (PDB IDs: 1dbn, 1hgg, 1qfo, 1se3, 1wgc, 2wgc, and 2zg3 ) and one (2osx) contained G M3 .
The φ/ψ-scatter plots indicated that the carbohydrate headgroup populated discrete conformational clusters (Figure 3) . The average glycosidic torsion angles for each conformational cluster can be found in Table I . For comparison, the relevant sets of PDB structures were similarly clustered (Table I) . For the Neu5Ac-Gal linkages, G M3 and SLC populated the anti-φ (cluster A) and −gauche-φ (clusters B and C) conformers for similar amounts of time (Table I ). In the Neu5Ac-Gal PDB set, the ranking of the conformers were reversed, compared to the MD populations, with the primary cluster populating the −gauche conformer. Due to the sparsity of structures in the PDB set, the −gauche PDB population could not be further subdivided, as was done for the MD simulations (where this region formed clusters B and C) ( Table I ). There was only one outlier in the PDB set, (φ, ψ) = (80.5
• , −17.2 • ), from the structure of parainfluenza hemagglutinin-neuramidase bound to SLC (1z4x) (Yuan et al. 2005) .
For the Gal-Glc linkage, the average angles and rank of the primary and secondary clusters from the MD and PDB sets were consistent, and significant differences arose only in the minor populations. For instance, SLC populated a region of φ/ψ-space for 2% of the MD simulation (cluster C), but the same conformation was not populated in the G M3 simulation. There were two PDB structures found in this region (Table I ). The PDB set Neu5Ac-Gal φ A C3-C2-O 3-C 3 1 . 9± 0.5 1.2 ± 1.2 1.8 ± 1.1 ψ B C2-O 3-C 3-C 2 1.8± 0.5 2.5 ± 0.8 2.5 ± 0.9
4.7 ± 0.5 4.6 ± 1.6 4.6 ± 1.6 Gal-Glc φ E H 1-C 1-O 4-C 4 3.5± 0.5 3.5 ± 2.0 3.7 ± 1.8 φ F C 2-C 1-O 4-C 4 1.9± 0.5 2.7 ± 1.2 2.7 ± 1.3 ψ G C 1-O 4-C 4-C 5 2.6 ± 0.5 2.8 ± 0.2 2.2 ± 0.4
0 . 9± 0.7 1.1 ± 0.8 a Experimental error was estimated at 0.5 Hz (Milton et al. 1998) . b Average coupling and standard deviations calculated over 1-30 ns.
had one outlier, (φ, ψ) = (−18.3 • , 174.1 • ), found in a region of space not sampled by either simulation (Figure 3B, D and F) . Although comparisons between solution-phase simulations (or NMR data) and crystallographic data for flexible molecules are not expected to give rise to excellent structural agreement, it is notable that in the case of SLC, the dominant conformational states predicted by MD simulation were observed in the solid state. This fact reinforces the proposal that proteins generally bind carbohydrates in their predominant solution conformations (DeMarco and Woods 2008). The differences in the population distributions of the states of the crystallographic and solution data were not surprising, particularly given that very few structures from the PDB set included either SLC or G M3 .
Trans-glycosidic scalar 3 J-coupling constants were computed from the SLC and G M3 trajectories (Table II) . For both simulations, the coupling constants were within the experimental values determined for SLC in solution (Milton et al. 1998 ). For the C3-C2-O3 -C3 (φ A ) angle of Neu5Ac-Gal, solving an appropriate Karplus relationship ( 3 J CC (φ A ) = 3.70 cos 2 φ A − 0.18 cosφ A + 0.11 (Cloran et al. 1999 )) using the experimental 3 J CC (φ A ) value of 1.9 Hz yielded the values for φ A consistent with either the anti or +gauche rotamers. Specifically, 1.9 Hz for this linkage was consistent with the φ A values between approximately 44
• and 132
• , which is equivalent to the "anti" φ values of 164
• to −108 • (φ = C2-C1-O3 -C3 ) or with the φ A values between approximately −44
• and −132 • , Table I . Average glycosidic torsion angles (NMR definitions) for conformational clusters populated in simulations of SLC and G M3 and from experimentally determined structures with the relevant carbohydrate linkages
a −165.8 ± 10.4 −24.6 ± 11.5 64 −90.7 ± 13.0 −47.4 ± 13.6 27 −78.8 ± 20.8 20. a Employing the Karplus relationship from (Cloran et al. 1999) . b Based on a rotational isomeric state analysis in which the experimental 3 J CC (φ A ) = 1.9 Hz. c Combined average of −gauche clusters B and C from Table I. equivalent to the "+gauche" φ values of −12
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• to 76
• . However, the +gauche conformer of φ is rarely observed since it violates the exo-anomeric effect (Wolfe et al. 1979; Booth and Khedhair 1985; Poveda et al. 2000) . In addition to the anti rotamer, in the MD simulations we observed the population of the −gauche rotamer. Using the same Karplus relationship, the −gauche rotamer would produce a J-value for this linkage of approximately 4.0 Hz, which indicates that this conformation cannot be the dominant solution conformation. However, a value of 1.9 Hz is consistent with a mixture of the anti and −gauche conformers, as indicated by the MD simulations (Table II) .
To determine more precisely the experimentally consistent ratio of anti and −gauche conformers for the φ angle, we performed a rotational isomeric state analysis (González-Outeiriño et al. 2006) , in which average J-values for the anti and −gauche states were computed, employing the MD snapshots for these conformations with the appropriate Karplus relationship. Using these state J-values, an experimentally consistent population ratio for the rotamers of approximately 1:1 was obtained (Table III) . For comparison, the MD simulations gave rise to a ratio of approximately 1:2 for the same rotamers (Table III) . To determine whether the computed J-values had converged over the timescale of the MD simulation, the average coupling constants were plotted as a function of simulation time (Figure 4 ). In the trajectories of both SLC and G M3 , convergence was achieved after approximately 10 ns.
Along with scalar 3 J-coupling constants, experimental interresidue NOEs were available for comparison with the predicted conformations of both SLC and G M3 (Tables IV and V) . The MD simulations of G M3 and SLC reproduced all of the interresidue NOE contacts between Gal and Glc and a majority of the contacts between Neu5Ac and Gal (Tables IV and V) . Notably, for the Neu5Ac-Glc linkage, two NOE contacts for SLC and one for G M3 appeared initially to be inconsistent with those calculated from experimental NOE intensities (Tables IV and V) . These NOEs involved contacts between proton H8 of Neu5Ac and the H1 or H3 protons of Gal. For these particular contacts, experimentally consistent NOE distances were populated during the simulations, but only infrequently ( Figure 5 ) and only when the φ angle for the Neu5Ac-Gal linkage populated the −gauche rotamer ( Figure 5 ). The anti-rotamer for this linkage led to significantly longer interproton distances than predicted from the NOE data, suggesting that, in contrast to the 3 J-coupling data, the φ angle for the Neu5Ac-Gal linkage adopted exclusively the −gauche orientation. The apparent discrepancy between the 3 J-coupling value and the NOE contact may have arisen from errors in both measurements, as well as from the use of the isolated spin pair approximation (ISPA), employed to convert the observed NOEs to interproton distances (Keepers and James 1984) . Based on the MD results and the 3 J-coupling analysis, it appears that the φ angle for the Neu5Ac-Gal linkage adopts a mixture of −gauche and anti rotamers.
With the internal coordinates of the carbohydrate epitopes of SLC and G M3 characterized, we then sought to establish the extent to which external factors could affect the presentation of G M3 in a bilayer. To quantitatively assess changes in the accessibility of protein-binding epitopes that occurred upon membrane anchoring, the relative solvent accessible surface area (SASA) of the head-group residues of G M3 was calculated (Figure 6 ). These SASA values were reported relative to the average SASA values for the corresponding residues from the simulation of SLC in solution. The presence of the membrane reduced the accessibility of Neu5Ac, Gal, and Glc by 5%, 26%, and 73%, respectively. The absolute reductions in the average SASA values from SLC to G M3 were 20.2 ± 28Å 2 (Neu5Ac), 41.4 ± 25 A 2 (Gal), and 155.7 ± 19.1Å 2 (Glc).
Discussion
High-resolution structural characterization of membraneanchored gangliosides presents a significant challenge experimentally, due to the internal plasticity of the glycolipid molecule and the presence of the membrane. Here, we used the GLY-CAM06 force field for carbohydrates (Kirschner et al. 2008 ), 2.3 ± 0.2 2.5 ± 0.3 H8 H1 3.2 ± 0.3 6.3 ± 1.0 H1 H6A 3.2 ± 0.3 3.6 ± 0.2 H8 H3 2.9 ± 0.3 4.3 ± 0.7 H1 H6B 3.0 ± 0.3 3.6 ± 0.2 H8 H4 3.3 ± 0.3 3.4 ± 0.9 a Data from (Siebert et al. 1992) for SLC in D 2 O, using a 10% estimate of the experimental error (Keepers and James 1984 recently extended to include lipids and glycolipids (Tessier et al. 2008) , to probe via MD simulations the conformational properties of ganglioside G M3 in a DMPC bilayer. MD data were also obtained for the carbohydrate head group of G M3 (SLC) in solution.
To quantify the ability of MD simulations to reproduce biologically relevant conformations of SLC and G M3 , comparisons with experiment were made wherever possible. The SLC simulation was in agreement with experimental scalar 3 J-coupling constants measured for SLC in solution (Milton et al. 1998) . While there appear to be no reported coupling constants for G M3 in membrane-mimicking environments (micelles, bicelles, etc.), the calculated 3 J-coupling constants from the MD simulation were similar to those from SLC, suggesting that the conformation of the carbohydrate head group is not Fig. 5 . Interresidue contacts for which there were significant differences between NOE distances calculated from experiment (-) (Siebert et al. 1992 ) and the average interproton distances computed from MD (+). In the simulations of SLC (A and B) and G M3 (C), rotations about the glycosidic bond bring H8 of Neu5Ac into closer proximity to H1 and H3 protons on Gal, as demonstrated by the correlation between the MD NOE distance (+) and the glycosidic φ angle (+) for the Neu5Ac-Gal linkage.
Atomic-resolution conformational analysis significantly altered by the presence of the membrane. This finding is supported by the similarity of the interresidue NOE distances reported for SLC in solution and G M3 in DPC micelles (Siebert et al. 1992) . Additionally, the similar rates of convergence of coupling constants calculated from each simulation (Figure 4 ) are indicative of a lack of influence of the lipid bilayer on the internal dynamics of the carbohydrate head group.
Further confidence in the MD results was provided by the agreement between the majority of NOE distances calculated from the MD trajectories and those derived from experimental intensities (Siebert et al. 1992) (Tables IV and V) . Apparent inconsistencies between the MD-derived and experimentally derived NOE distances for the Neu5Ac-Gal linkage were noted for the case of the H8 proton in Neu5Ac and the H1 and H3 protons in the adjacent Gal residue. However, if a modest error of 10% is allowed in the experimental distance, then these inconsistencies may be resolved as follows. Taking the example of the G M3 Neu5Ac(H8)-Gal(H1) contact, assuming a 1/r 6 distance dependence, an average NOE distance of 6.2 ± 1.2Å is obtained from the anti and −gauche states, which compares poorly with the reported ISPA-derived experimental distance of 3.3Å (Table 4) . If however, we allow an uncertainty in the ISPA NOE distance of 10% (r expt = 3.6Å) and use now the family of −gauche geometries that forms the short interresidue contact (r −gauche = 3.3Å) rather than all −gauche geometries (leaving the anti cluster unchanged), Eqs. (1) and (2) can be solved to determine a ratio of −gauche:anti conformations consistent with the experimental distance:
By assuming an experimental distance of 3.6Å, the interresidue NOE contact is consistent with the presence of a significant population the anti rotamer (41%), which is in excellent agreement with the anti population (46%) derived from the experimental J-coupling analysis (Table III) . Thus, the experimental and theoretically derived J-coupling constants and NOE distances are all consistent with the Neu5Ac-Gal linkage of G M3 and SLC adopting a mixture of −gauche and anti rotamers, with approximately 45% to 65% being anti. Crystallographic data provide a further source of biologically important glycan conformations for comparison with the MD data. Using all structures deposited in the PDB that contained carbohydrates with α-Neu5Ac-(2-3)-β-Gal or β-Gal-(1-4)-β-Glc sequences, Ramachandran-style plots of the glycosidic linkages were generated ( Figure 3E and F) . Due to the limited number of crystallographic examples, it should be noted that these maps provide only an indication of accessible glycosidic torsion angles. For the Neu5Ac-Gal linkage, the MD torsion angles sampled similar conformational space to that seen in the crystal structures ( Figure 3A , C, E and Table I ). For the Gal-Glc linkage, the MD torsions also sampled the two major PDB conformational clusters, which comprised 99% of the PDB set and corresponded to 100% and 98% of the structures from the G M3 and SLC simulations, respectively ( Figure 3B , D, F and Table I ).
In the simulation of SLC, the Gal-Glc linkage occasionally populated a conformational cluster where the φ angle was in the anti rotamer, (φ, ψ) ≈ (170.0
• , 1.3 • ) (Table I ). This rotamer was not observed in the G M3 simulation, but was found in two PDB structures (1rvt and 1dva) ( Table I ). In examining the combined evolution of the φ/ψ-angles for the Neu5Ac-Gal and Gal-Glc linkages from the MD simulation of SLC, we determined that SLC populated the Gal-Glc anti-φ rotamer as a transition from cluster A (Gal-Glc (φ, ψ) = (46.5
• , 17.2
, with the Neu5Ac-Gal linkage remaining in cluster A (Neu5Ac-Gal (φ, ψ) = (165.3
• , −24.8 • )). To assess the ability of G M3 to populate the head-group conformer with Gal-Glc in the anti rotamer, snapshots (at 6, 7, and 15 ns) from the MD simulation of G M3 were selected in which the head group was in the primary conformation (cluster A) for both the Neu5Ac-Gal and Gal-Glc linkages. For each structure, the φ angle for the Gal-Glc linkage was rotated (from 49
• , 13
• , and 57
• in the snapshots, respectively) to φ = 180
• . In each case, rotation into the Gal-Glc anti-φ rotamer resulted in minor steric collisions between G M3 and DMPC molecules (Figure 7 ). While it may be possible to relieve these steric clashes by reorganization of the neighboring DMPC molecules, resistance to this appears to be sufficient to prevent G M3 from populating this minor conformer. It is also worth noting that the ligands in two protein-carbohydrate complexes discussed above (1rvt and 1dva) were not G M3 and the binding mechanisms have limited relevance to G M3 recognition. In the structure of 1rvt M L DeMarco and R J Woods Fig. 7 . Membrane anchoring can restrict conformational space accessible to G M3 relative to SLC. Steric clashes between G M3 (7 ns snapshot) and DMPC molecules when G M3 (Neu5Ac, Gal, Glc, ceramide) is forced into the minor conformer populated by SLC. (Gamblin et al. 2004) , the ligand (SLC) is positioned such that if a ceramide tail were appended to the glucosyl residue to form a model for bound G M3 , embedding of the lipid tail in the membrane would force a collision between the protein and the membrane. For the other structure (1dva), the ligand is lactose (Dennis et al. 2000) , and the anomeric carbon in the glucosyl residue (the attachment point for ceramide in G M3 ) interacts with the protein, making the binding of G M3 unlikely.
There is one additional outlier in the Gal-Glc PDB map ( Figure 3F ), in which the ligand is also lactose (1hwo) (Pascal et al. 2001) , whose (φ, ψ) values are not observed in either the MD trajectory of SLC or G M3 ( Figure 3B and D) . However, the glucosyl residue in 1hwo is disordered as indicated by the high B-factors (average B fac = 53.7Å
2 ) (Pascal et al. 2001) , lowering the confidence in the reported Gal-Glc glycosidic torsion angles. Therefore, the uncommon anti-ψ orientation (φ, ψ) = (−18.3
• , 174.1 • ) reported in this structure may be artifactual (Fernandez-Alonso et al. 2004) . Additionally, although an adiabatic gas-phase energy mapping suggests that an anti-ψ angle may be energetically accessible to lactose (Glycomap ID 7831) (Frank et al. 2007 ), the solvated MD simulations presented here, as well as NMR data (Espinosa et al. 1996; Kiddle and Homans 1998; Martin-Pastor et al. 2005) , indicate that it is not populated to a measurable extent at room temperature in water.
We have previously demonstrated that GLYCAM06 force field parameters can be optimized in order to increase the accuracy of predicted population distributions (Kirschner et al. 2008) ; however, the general consistency between experimental and theoretical values for the systems discussed here suggest that alteration of the force field parameters is not yet warranted. While some minor conformational clusters were possibly undersampled by MD, in general, the MD simulations were able to accurately identify and sample the dominant conformational clusters. Through the comparison of the simulations of G M3 and SLC, analysis of relevant PDB structures, and comparison with NMR data (Siebert et al. 1992; Milton et al. 1998) , it may be concluded that anchoring of the carbohydrate head-group to the membrane surface via the ceramide lipid tail did not significantly change the internal dynamics (Figure 4 ) or conformational space populated by the carbohydrate head-group (Figure 3) .
While, in the case of this particular ganglioside, membrane anchoring did not significantly change the internal structural properties of the molecule, it did markedly alter the accessibility of the carbohydrate residues to solvent and receptor molecules (Figure 6 ). Beyond a structural role in the outer leaflet of plasma membranes, gangliosides also act as binding partners for molecules on neighboring cells (for example, sialoadhesin (Collins et al. 1997) , myelin-associated glycoprotein (Vyas et al. 2002) , and epidermal growth factor receptor (Miljan et al. 2002) ) and for exogenous proteins (for example, B-subunits of Shiga and cholera toxin (Eidels et al. 1983) ). Regardless of conformation and dynamics, the decreased accessibility of the binding epitope can be expected to influence the recognition process that occurs between gangliosides and their receptors (lectins, antibodies, toxins, adhesins, viral proteins, etc.) at the surface of the plasma membrane. The values for the SASA of the carbohydrate residues from G M3 were determined relative to those from SLC, to assess the role of the bilayer in altering the presentation or accessibility of the carbohydrate moiety of G M3 . From the bilayer simulation, the first glycosyl residue, attached to the ceramide anchor (Glc), was significantly buried within the hydrophilic head-group region formed by the DMPC bilayer and displayed the SASA of only 27% relative to SLC in water. The next residue, Gal, was partially obstructed by the bilayer, with 74% of its surface accessible on average to solvent. The terminal Neu5Ac residue projected above the surface of the bilayer and was the least affected by the presence of the bilayer (relative SASA of 95%). To determine if there was a relationship between the accessibility of the carbohydrate residues and protein recognition, we focused on two proteins known to bind G M3 , human macrophage adhesion molecule sialoadhesin (Figure 8) , and plant lectin wheat germ agglutinin (Figure 9 ). Based on crystal structures of sialoadhesin (1qfo, (May et al. 1998) ) and wheat germ agglutinin (2wgc, (Wright 1990) ) in complex with SLC, the proteins interact with SLC primarily through interactions with the terminal Neu5Ac residue ( Figures 8A and 9A ). In the crystal structures of the complexes, the Glc residues at the reducing terminus of the oligosaccharide had the highest atomic B-factors of the three glycosyl residues and made no contacts with the protein receptors, suggesting that this residue was less critical to ligand binding. From the results of the MD simulation of G M3 , an incoming protein receptor would initially be expected to recognize the terminal Neu5Ac residue, as it is fully accessible, lying above the plane of the membrane (Figures 6 and 8B) . From the position of the Glc and ceramide moieties within the membrane, it is unlikely that they play a role in the initial steps in recognition (unless the receptor is itself membrane bound) (Figures 8 and 9 ). Subsequent to the initial interaction, it is nevertheless conceivable that a receptor protein might embed itself in the membrane, or otherwise extract the ligand from the membrane. The data for G M3 suggest an explanation for the observation that the binding sites in certain ganglioside receptor proteins, such as sialoadhesin, have evolved to interact only with the terminal portion of the carbohydrate head group; that is, certain proteins have evolved to recognize only the readily accessible portion of the oligosaccharide. In addition to the exposed glycosyl residues of gangliosides regulating recognition, less exposed glycosyl residues can indirectly affect recognition. Rotations about the ceramide-Glc and Glc-Gal linkages determine the presentation of the Neu5Ac-Gal residues with respect to the membrane surface; therefore, alteration to the linkage position or to the anomeric configuration would affect presentation of the primary recognition domain. Furthermore, the hydrophobic ceramide tail in combination with the polar Glc controls the insertion depth of the ganglioside within the membrane, mirroring the amphipathic character of the lipids that comprise the bilayer ( Figures  6B and 8B ). This observation is in agreement with a previous study of the cerebroside sulfate glycolipid in liposomes, wherein the composition of the lipid chain length of the ceramide residue was varied in order to observe its effects on glycolipid recognition by a group of antibodies (Crook et al. 1986 ). That study, as well as others, found a correlation between increased acyl chain length of the ceramide (beyond that of the lipids in the membrane-mimicking environment) and improved antibody-binding of the glycolipid (Alving and Richards 1977; Nudelman et al. 1982) , presumably due to the glycolipid being forced further above the surface of the membrane (Crook et al. 1986 ). In general, membrane-occluded portions of gangliosides appear to be important determinants of the presentation of their protein-binding epitopes (Alving and Richards 1977; Nudelman et al. 1982; Crook et al. 1986 ).
In the case of G M3 , the terminal and penultimate carbohydrate residues (Neu5Ac and Gal) play a significant role in binding to protein receptors such as sialoadhesin and wheat germ agglutinin, as they are presented above the surface of the membrane. On the other hand, the residue bound to the ceramide moiety (Glc) is found within the hydrophilic head-group region of the membrane, and along with the hydrophobic ceramide moiety, it may function to control the insertion depth of the ganglioside within the membrane, as well as the presentation of the oligosaccharide relative to the membrane surface.
Material and methods

Parameter development
The GLYCAM06 force field parameters for carbohydrates (Kirschner et al. 2008 ) and lipids (Tessier et al. 2008 ) have been previously described and charges and geometries reported for the DMPC residues. Ensemble averaged atomic partial charges (Basma et al. 2001) were developed for the ceramide tail of G M3 following the general protocol presented for the GLYCAM extension to lipids (Tessier et al. 2008) . Specifically, ten conformations of β-Glc-(1-1)-ceramide were generated, based on the crystal structure of G M3 bound to a lipid transfer protein (2bv7 (Airenne et al. 2006) ), by rotating heavy-atom torsion angles. The geometries of the 10 distinct structures were then optimized at the HF/6−31G * level. Charges were then calculated for each conformation by fitting to the molecular electrostatic potential computed on a CHELPG (Breneman and Wiberg 1990) grid of points at the HF/6-31G * level (with a restraint weight of 0.01) (Basma et al. 2001) , while maintaining the charges on the glucosyl residue to existing GLYCAM06 charges (Kirschner et al. 2008) . Partial charges for all aliphatic protons were set to zero during charge fitting, as recommended in the GLYCAM06 charge fitting protocol (Kirschner et al. 2008) .
MD simulations
The initial structure for SLC was generated using GLYCAM Web (Woods Group 2007) . For G M3 , the SLC structure was connected to the ceramide tail of one of the energy minimized β-Glc-(1-1)-ceramide structures, used earlier for partial charge development. Using a DMPC bilayer containing 48 lipid molecules (Tessier et al. 2008) , one centrally located DMPC was removed and replaced with G M3 . The insertion depth of G M3 in the DMPC bilayer was determined by aligning the hydrophobic and hydrophilic regions of G M3 with the corresponding domains of the relevant leaflet of the bilayer. The starting bilayer structure had a surface area per DMPC molecule of 78.4Å 2 and a bilayer thickness of 41.9Å. Using the PTRAJ program in AMBER, a 34Å layer of TIP3P water molecules was added to the upper and lower surfaces of the bilayer. After the equilibration and heating steps (outlined below), the solvent layer contracted to a depth of at least 20Å from G M3 and the bilayer. For the SLC simulation, TIP3P waters were added to the solvent depth of at least 8Å from any SLC atom.
Equilibration of the SLC and G M3 systems was performed using the AMBER 9 version of SANDER (Case et al. 2005) . For SLC, the entire system was energy minimized (500 steps of steepest decent followed by 500 steps of conjugate gradient), and then heated to 300 K over 50 ps, all in the NPT ensemble at 1 atm with isotropic pressure scaling. For the G M3 simulation, the water molecules were energy minimized (500 steps of steepest decent, 1500 steps of conjugate gradient), and then subjected to 10 ps of molecular dynamics in the NPT ensemble at 1 atm with anisotropic pressure scaling. The entire system was then energy minimized (500 steps of steepest decent, 500 steps of conjugate gradient). Using the NVT ensemble while restraining the waters and G M3 , the DMPC molecules were subjected to 5 ps of molecular dynamics. The entire system was then minimized again for 1000 steps (500 steps of steepest decent, 500 steps of conjugate gradient). In the NPT ensemble at 1 atm with anisotropic pressure scaling, the water molecules were subjected to 10 ps of dynamics at 300 K. This step was employed to allow the density of the system to adjust in accordance with the desired temperature for the production run. Finally, in the NVT ensemble, the entire system was brought to the desired temperature of 300 K over 50 ps. Production MD simulations of SLC and G M3 were then performed for 30 ns at 300 K in the NPT and NVT ensembles, respectively. Scaling of nonbonded 1-4 van der Waals and electrostatic interactions was not employed (SCEE = SCNB = 1), as is standard when using only GLYCAM force field parameters. A 2 fs time step was employed throughout for integrating the equations of motion. Hydrogen-containing bonds were constrained with the SHAKE algorithm (Ryckaert et al. 1977 ) and long-range electrostatics were treated using the particle mesh Ewald method (Darden et al. 1993) . Snapshots were collected at 1 ps intervals for subsequent analysis.
Bilayer analysis
The average bilayer thickness values d l and d hc were calculated using the distance along the bilayer normal (the z-axis) of the centers of mass of selected atom(s) from the top and bottom leaflets. The overall bilayer thickness (d l ) was calculated using the center of mass of the N(CH 3 ) 3 moiety in the head group, and the hydrophobic thickness (d hc ) was calculated using the carbon situated at the branch point of the hydrocarbon tails.
Conformational analysis
Since the G M3 -bilayer system required an initial 1 ns of equilibration time, all subsequent analyses were performed from 1 to 30 ns, for both the SLC and G M3 simulations. Scalar 3 J-coupling constants were calculated from snapshots collected at 1 ps intervals using the Karplus relationships (3) (Bose et al. 1998 ) and (4) (Cloran et al. 1999 ):
α-Neu5Ac-(2-3)-β-Gal-(1-4)-β-Glc-(1-1)-ceramide; ISPA, isolated spin pair approximation; MD, molecular dynamics; Neu5Ac, N-acetylneuraminic acid; NOE, nuclear Overhauser enhancement; PDB, Protein Data Bank; SASA, solvent accessible surface area; SLC, 3 -sialyllactose (α-Neu5Ac-(2-3)-β-Gal-(1-4)-β-Glc).
